A standard mixture of 25 short-chain fatty acids was resolved by highperformance liquid chromatography, using an Aminex HPX-87 column. The acids produced in culture media by anaerobic bacteria were analyzed by high-performance liquid chromatography after extraction with ether and reextraction into a small volume of 0.1 N NaOH. The presence of fumaric acid in culture extracts of Peptostreptococcus anaerobius was confirmed by gas chromatography-mass spectrometry analysis of the trapped eluent fractions from the high-performance liquid chromatography column.
A standard mixture of 25 short-chain fatty acids was resolved by highperformance liquid chromatography, using an Aminex HPX-87 column. The acids produced in culture media by anaerobic bacteria were analyzed by high-performance liquid chromatography after extraction with ether and reextraction into a small volume of 0.1 N NaOH. The presence of fumaric acid in culture extracts of Peptostreptococcus anaerobius was confirmed by gas chromatography-mass spectrometry analysis of the trapped eluent fractions from the high-performance liquid chromatography column.
The determination of short-chain fatty acids in culture media after growth of anaerobic bacteria is useful for the identification of these bacteria (4, 6, (13) (14) (15) . Also, the detection of these acids in clinical specimens has been used for presumptive identifications of anaerobic infections (5, 11, 12) . The method used to detect these acids is gas-liquid chromatography (GLC) preceded by chemical processing of the sample. Procedures for such analyses are found in the Wadsworth (14) , the Virginia Polytechnic Institute (6) , and the Centers for Disease Control (4) laboratory manuals and the text by Willis (15) and the paper by Rizzo (13) .
In the Wadsworth procedure, the volatile fatty acids (VFA) are analyzed directly by GLC, using the aqueous supernatant from culture media; formic acid is analyzed separately after conversion to dimethylformamide (2) . The nonvolatile dicarboxylic and keto acids (NVFA) are analyzed after formation of methyl esters and subsequent extraction from the reaction mixture with chloroform. This procedure uses a gas chromatograph equipped with two different columns and detectors, one for analysis of VFA and the other for analysis of NVFA. Using the procedures of Willis (15) and Rizzo (13) and the methods described in the Virginia Polytechnic Institute (6) and Centers for Disease Control (4) manuals, the VFA are analyzed by GLC after extraction from culture media with ether and the NVFA after methylation and extraction with chloroform. Although different chromatographic parameters are used with each of these four procedures, the VFA and NVFA are analyzedseparately on a single chromatograph, using one column and one detector.
All of these GLC procedures require at least two sample preparation steps, one for the analysis of VFA and another, including methylation, for the analysis of NVFA. Interpretation of the chromatograms is sometimes difficult because of interferences from a large solvent peak and from unresolved acid peaks. The present investigation was undertaken to evaluate high-performance liquid chromatography (HPLC) for determination of short-chain fatty acids from bacteria. The potential advantages of HPLC over GLC were a single sample preparation step not requiring methylation, the simultaneous determination of both VFA and NVFA in a single chromatographic run, and increased sensitivity for detection of NVFA.
MATERIALS AND METHODS
Standard acids. Short-chain fatty acids that are solids at ambient temperature were weighed and dissolved in 0.007 N H2SO4 to prepare standard stock solutions. Final composite standards were prepared from samples of these stock solutions; these were combined with liquid acids by using a microsyringe. 
RESULTS
The separation of a standard mixture of 24 short-chain fatty acids, using eluent A, is shown in Fig. 1 . The molar concentrations ranged from 0.02 M for VFA to 0.0001 M for aromatic NVFA. The retention time (tr) and capacity factor (k') of these short-chain acids when eluted with solvents A and B are shown in Table 1 ; the t, and k' of late-eluting compounds, p-cresol and indoleacetic acid, are also included.
Separation of the acids on the Aminex HPX-87 analytical column (Fig. 1) was optimized empirically to resolve fumaric acid from formic The free acids present in a culture extract from P. anaerobius were analyzed by HPLC (Fig. 2) . The detector response value for each acid was determined, and molar concentrations were obtained by multiplying peak heights by response factors (Table 2) . Thirteen acids were identified by comparing their tr values with those of known standards. Several unidentified components were found, including a component (M) which was also present in the control PYG medium. With eluent A, M eluted with a t, of 32.7 and was unresolved from 2-methylvaleric acid; however, with eluent B, M eluted after 2-methylvaleric acid. The identity of this compound has not been established. In addition to M, the control PYG medium contained fumaric, formic, and acetic acids; the concentrations of these acids found in culture broth from P. anaerobius were corrected by subtracting the amounts present in the control medium.
Culture extracts from B. fragilis and C. difficile analyzed by HPLC contained acids that were not reported in previous GLC studies. These included a-ketoglutaric, p-hydroxyphenylacetic, and phenylacetic acids from B. fragilis and p-hydroxyphenylacetic, phenylacetic, 3-phenylpropionic, and indoleacetic acids plus pcresol from C. difficile.
The efficiency of acid recovery by a single extraction with ether was determined after adding known concentrations of formic, propionic, fumaric, and lactic acids to 1 ml of PYG medium ( 25% of lactic acid was recovered after the single ether extraction from PYG medium. The poor recoveries occurred at the initial ether extraction and not from reextraction into 0.1 N NaOH because the recoveries of standards directly extracted from ether with 0.1 N NaOH were greater than 95%.
With the exception of oxalacetic acid, all of the acids used for the standard were stable at ambient temperature. Oxalacetic acid decomposed to pyruvic acid in both acid and basic solutions. The amount of decomposition of this acid in 0.01 N H2SO4 was as follows: 25% after 1 h at 21°C, 75% after 20 h at 21°C, and 53% after 20 h at 4°C. Standards of oxalic acid were partially decomposed after several months of storage at ambient temperature. anaerobius. See legend to Fig. 1 for abbreviations. U, Fumaric acid was tentatively identified in culture broth from P. anaerobius by observing the shift in tr upon changing from eluent A to eluent B. With eluent A, fumaric acid elutes before formic and acetic acids, but with eluent B, it elutes after these two acids with the retention times shown in Table 1 . For further confirmation of the presence of fumaric acid, a 5-ml sample of the culture broth was extracted and used for repeated analyses by HPLC. The eluent fractions containing the fumaric acid peak were collected; the composite fraction, containing approximately 1 ,umol of fumaric acid, was extracted with ether, methylated, and analyzed by GLC on a polar Silar 10C column. In addition, the methylated fraction was analyzed by gas chromatography-mass spectrometry, and the acids were separated by GLC on a nonpolar OV-101 column and detected by mass spectrometry, using both electron impact and chemical ionization. In each instance, the presence of fumaric acid in the trapped HPLC eluent was confirmed by comparing the results by gas chromatography-mass spectrometry to those of a standard of fumaric acid which was methylated and analyzed under the same conditions.
DISCUSSION
The standard acids, used for the separations shown in Fig. 1 , contained VFA at concentrations of 0.02 to 0.005 M and were within the same concentration range (0.01 M) recommended for analysis by GLC (4, 6, 14, 15) . The concentrations of NVFA were 0.006 to 0.0001 M, except for oxalic acid (0.01 M), and were (7) . In addition to detecting all of these previously identified acids by HPLC, we also detected fumaric acid (a Krebs cycle acid) and formic acid from cultures of P. anaerobius.
When extracts of the culture media from B. fragilis and C. difficile were analyzed by HPLC, additional acids were detected that are not usually detected by gas chromatographic procedures (6, 14) . a-Ketoglutaric acid, which was detected by HPLC in ether extracts from B. fragilis, has been reported as a metabolite of this organism by Allison et al. (1) . The p-hydroxyphenylacetic, phenylacetic, 3-phenylpropionic, and indoleacetic acids and p-cresol, which were found in ether extracts from C. difficile, have been reported as metabolites of this organism (10) and other bacteria (3, 7, 9, 16) .
The recoveries of known concentrations of acids after ether extraction from PYG media and from water were determined (Table 3) because NVFA were extracted as free acids, rather than methylated derivatives that are usually used for GLC analysis. A single extraction of the medium was preferred for simplicity of analysis, even though the recovery of lactic acid was only 25%. The recoveries of the two VFA, formic and propionic acids, after a single extraction from PYG medium with 5 ml of ether were 51 and 85%, respectively. It is evident that much lower recoveries are obtained by GLC procedures (4, 6, 13, 15) which use only 1 ml of ether for extraction. With the Wadsworth procedure (14), VFA are not extracted from the media. Instead, the PYG culture medium is centrifuged, and a sample of the supernatant is analyzed directly by GLC. Thus, components of the medium are introduced directly onto the column, and artifacts could be produced that would interfere with the identification of acids; components of the medium could also shorten the life of the analytical GLC column. It is possible that the supernatant from cultures could be analyzed directly by HPLC in a similar fashion; however, solvent extraction before analysis improves the reliability of the procedure by selectively removing the acids from potentially interfering compounds. The reextraction of the acids from the ether into 0.2 ml of 0.1 N NaOH provides additional purification and also concentrates the acids from the original 1-ml volume of the culture. The NaOH was added to convert the acids to water-soluble sodium salts; however, we avoided adding an excess of NaOH to minimize neutralization of the HPLC eluent as the sample is placed on the analytical column.
The response of the UV absorbance detector varies for different acids and is approximately 100-fold more sensitive for aromatic acids than for aliphatic acids. Thus, the chromatographic peaks shown in Fig. 2 for 3 -(p-hydroxyphenyl)propionic and 3-phenylpropionic acids are large compared with those of the other acids and represent only 0.8 and 12%, respectively, of the total acids present ( Table 2 ). The smaller acetic acid peak was the primary component from P. anaerobius and was present at 35% of the 9 ,umol of total acid found in 1 ml of culture medium from this organism.
The results obtained using the Aminex HPX-87 column were reproducible, and the HPLC instrument was stable, with no apparent change in calibration over several months of use. However, to maintain the resolution of fumaric acid from formic acid, we occasionally adjusted the concentration of acetonitrile in eluent A by 0.1% increments. At an eluent flow of 0.5 mllmin, column pressures were 900 to 1,200 lb/in2. Higher flow rates resulted in column blockage. However, if blockage occurred the column was simply reversed, and separations were resumed within 10 min, with essentially no change in retention times.
In a single analysis by HPLC we were able to separate 25 acids and p-cresol that may be produced in growth media by anaerobic and other bacteria. Although the 60-min time period required for the separation may be longer than the time required for the separation of both VFA and NVFA by GLC, the single-sample preparation step took only 15 min. A possible disadvantage of this HPLC procedure is that alcohols are not detected, whereas in some GLC methods VOL. 16, 1982 on October 16, 2017 by guest http://jcm.asm.org/ Downloaded from alcohols are detected. All of the acids usually detected by GLC methods (4, 6, (13) (14) (15) were also detected by HPLC, and the sensitivity was improved for the detection of formic acid (2) and NVFA. Additional components detected by HPLC were p-cresol and fumaric, ot-ketoglutaric, phenylacetic, p-hydroxyphenylacetic, 3-phenylpropionic, 3-(p-hydroxyphenyl)propionic, and indoleacetic acids. The method has potential for routine use within the diagnostic microbiological laboratory.
